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Possibility for collectivization of acceptor states in a semiconductor, converting it to metal, is
discussed within the scope of Anderson s-d hybride model. This model is generalized for multi-
component band structure and composite acceptor states, localized on pairs of neighbor dopants
(impurity “dumbbells”), in order to describe the boron doped diamond CBx. The resulting pa-
rameters of band structure, in particular, position of the Fermi level, are compared to the recent
experimental data on metallized and superconducting CBx.
PACS numbers: 71.55.-i, 74.20.-z, 74.20.Fg, 74.62.Dh, 74.72.-h
Recent discovery of superconducting transition in boron
doped diamond CBx [1] brought a new attention to the
problem of impurity induced metallization in semicon-
ductors. This topic is already at the center of discussion
on high-Tc metal-oxide perovskites (HTSC), where shal-
low acceptors by, e.g., divalent alcali earth substitutes
A for trivalent lanthanum in La2−xAxCuO4, give rise to
metallic and superconducting state in basal CuO2 planes
at doping x above some critical level ∼ 5%. A descrip-
tion of this process on the basis of Lifshitz model of im-
purity states was proposed by the authors [2]. However
the situation in CBx differs from HTSC in essential as-
pects: diamond has an exemplary 3D isotropic (cubic)
lattice structure [3] and B atoms at relevant doping lev-
els (x ∼ 4%) mostly occupy interstitial positions in it
[4],[5],[6],[7] where they nominally should stay neutral.
Even at lower doping (x . 0.5%), when they are mostly
acceptor substitutes [8], it was already recognized that
common effective mass approach does not apply for the
deep 0.37 eV level by isolated acceptor [9] whereas the
conductivity may result from the interplay between that
and some “additional”, much more shallow levels (∼ 0.06
eV) by acceptor clusters [10].
This clustering effect should be even more important at
higher doping, as seen from statistical weights of configu-
rations around an interstitial impurity (Fig.1) at x = 4%
(8% per diamond unit cell), reaching maximum ∼ 38%
for its clusters with another impurity in one of 12 near-
est neighbor interstitices. The facts that carrier density
still grows with doping and that energy would be gained
when doped holes are spread around the pair of impuri-
ties by B-C covalency effects suggest that such clustered
B interstitials (impurity “dumbbells”) also give rise to
shallow acceptor levels, supposedly not described by ef-
fective mass, like those from clusters of substitutional
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FIG. 1: Unit cell of diamond (bigger circles for carbons)
where boron dopants (dark circles) occupy an interstitial
site at the center and one of 12 nearest neighbor interstices
(dashed circles). The resulting impurity “dumbbell” has two
acceptor levels, one of them, shallow antibonding, being of
principal importance for metallization.
impurities.
When choosing an adequate model for such perturba-
tion of electronic spectrum, one have to rule out either
the Mott metallization (since the effective Bohr radius is
too small, ∼ 3 A˚[11]) and the Lifshitz impurity model
(which does not provide metallization in 3D doped sys-
tems [12]). Then the most natural choice is perhaps the
Anderson s-d hybride model [13], where the possibility
for metallization was studied long ago [14]. Here we try
to adapt the latter results for the intriguing physics of
doped diamond, leaving aside the issue of pairing mech-
anism in the metallized CBx (discussed recently in RVB
[11] or bond-stretching [15] scenarios).
Referring to the well established theoretical band
structure of pure diamond [3],[16] and recent ARPES
measurement data [17], the analysis should concentrate
around the top of the valence band (chosen as the en-
ergy reference). Here the three valence subbands have
almost isotropic dispersion εj,k = −~2k2/2mj with effec-
2tive masses m1,2,3 ≈ 2.12, 1.06, 0.7me (neglecting a small
spin-orbit splitting down by ≈ 6 meV for j = 2). Con-
sidering the most relevant acceptor level εi by impurity
cluster, closely atop the valence band, and neglecting all
other (much higher or/and much fewer) levels by clus-
tered or isolated impurities, the corresponding general-
ization of hybride model can be presented by the Hamil-
tonian
H =
∑
j,k
εj,ka
†
j,kaj,k +
∑
p
ε0b
†
pbp +
+
1√
N
∑
j,k,p
(
γje
ik·pa†j,kbp + h.c.
)
, (1)
where N is the number of unit cells in crystal, aj,k and bp
are the Fermi operators (spin indices suppressed) for ex-
citations of jth subband and of impurity clusters (called
simply impurities in what follows) randomly located at
p with concentration c ≈ x/2 (per unit cell), and γj is
the constant of hybridization between them [18].
The resulting spectrum generally includes either band-
like and localized states and, since each of cN impurities
provides one (hole) carrier to the system, the issue of
metallization depends on whether the Fermi level εF from
the equation
c =
∫ ∞
εF
ρ (ε) dε (2)
lies within the domain of band states. The density of
states (DOS, per unit cell) ρ (ε) = N−1ImTr (ε−H)−1
in the relevant basis of states for Eq.1: {|j,k〉 , |p〉} (ig-
noring the conduction band), is calculated through the
respective diagonal Green functions.
Let’s begin supposing that only single (say, 1st) sub-
band is hybridized with impurity states: γ2,3 = 0,
γ1 = γ 6= 0 (comparison with an alternative choice
γ1 = γ2 = γ3 = γ will be done at the end), and ob-
tain DOS as a sum of contributions from host (h) and
impurity (i) subsystems:
ρ (ε) = ρh (ε) + ρi (ε) ,
ρh (ε) =
√−ε
(
W
−3/2
2 +W
−3/2
3
)
+
+
1
piN
Im
∑
k
1
ε− ε1,k − Σk ,
ρi (ε) =
c
pi
Im
1
ε− ε0 − Σi .
Here Wj = pi
4/3
~
2/(mjv
2/3) (v being the unit cell vol-
ume) is of the order of width of respective subband,
whereas the self-energies Σk and Σi can be presented
as expansions in groups of interacting impurities [14]:
Σk =
cγ2
ε− ε0 − Σi (1 + cBk + . . .)
and
Σi =
γ2
N
∑
k
1
ε− ε1,k − Σk (1 + cBi + . . .) .
The relevant impurity level is defined by the equation
εi = ε0 + ReΣi(εi) in the limit c → 0, whereas the next
terms after unity in the group expansions:
Bk = −A00 −A200 +
∑
n 6=0
A30ne
−ik·n +A40n
1−A20n
,
Bi = −A200 +
∑
n 6=0
A40n
1−A20n
,
A0n =
γ2
N (ε− ε0 − Σi)
∑
k
eik·n
ε− ε1,k − Σk
describe all indirect interactions between two impurities
(in fact, two “dumbbels”) located at cells 0 and n, via
exchange of virtual excitations from 1st subband. The
respective contribution to DOS from the states localized
at such pairs of “dumbbells” follows from the formula:
Im
∑
n fn/(1−A20n) ≈ (pi/v)
∫
drfrδ(1−ReA20r) (for any
real function fn), and the concentration broadening Γi
of the impurity level εi from the condition: |ReA0r(εi ±
Γi)| = 1, where r ∼ (v/c)1/3 is the average distance
between impurities.
We construct the solution by analogy with the case
of donor impurity level εi < 0 hybridized to a single
parabolic band εk = ~
2k2/2m [14]. There a qualita-
tive restructuring of spectrum happens when the concen-
tration c surpasses the characteristic (supposedly small)
value c0 ∼ (εi/W )3/2 /4pi, where W = pi4/3~2/(mv2/3).
In other words, then r turns smaller of the localization
radius r0 ∼ v1/3
√
W/εi and localized impurity states
effectively overlap. If c is also greater than other char-
acteristic value ccr ∼ (γ/W )6, this overlapping leads to
formation of two separate bands of coherent extended
states, whose structure depends on a specific relation be-
tween c0 and ccr. In particular, if the level εi is so shallow
that c0 < ccr, the dispersion of two split bands is
ε± (k) ≈ εk ±
√
ε2k + 4cγ
2
2
, (3)
for wave numbers k restricted to k & kmin ∼ (ccr/v)1/3
for the upper band, ε+ (k), and to kmin . k . kmax ∼
1/r for the lower band, ε− (k). These restrictions give
estimates for the Mott mobility edges separating band
and localized states: εc ∼ ε+(kmin), ε′c ∼ ε−(kmax), ε′′c ∼
ε−(kmin) (Fig.2). Then it can be shown that the lower
band only adopts ∼ Nc3/4/c1/4cr states, that is less than
the total of Nc carriers. Hence the rest of carriers should
occupy the ”tail” states formed by interacting impurity
pairs whose density is defined as
ρi (ε) ∼ c
2γ2
ε2
ImBi ∼ c
2γ8
W 3ε5
(4)
(for ε − εi ≫ Γi ∼ c1/3γ2/W ) and extends to the edge
of the upper band. At ε > ε+(0), the DOS in this band
ρh(ε) is much higher than the “tail” function ρi (ε), Eq.4,
so that the number of empty tail states above the Fermi
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FIG. 2: Restructuring of the conduction band at high enough
doping (c ≫ ccr, see in text) by shallow donors within the
hybride model [14]. There are two separate regions of band
states near the bottom of conduction band and the system
turns metal.
level approximately equals the number of hole carriers
within the upper band:
∫ ∞
εF
ρi (ε) dε ≈
∫ εF
ε+(0)
ρh (ε)dε. (5)
This gives the distance from the upper band edge to the
Fermi energy: εF − ε+(0) ∼
√
cγ, which is
√
c/ccr times
bigger than the distance from this band edge to the mo-
bility edge ∼ c2/3cr W . Therefore the system turns to be
metal with the band structure as shown in Fig.2.
In the multicomponent valence band case defined by
Eq.1 with γ1 = γ and γ2,3 ≈ 0, we obtain the same split-
ting as by Eq.3 for the j = 1 valence subband (within
to obvious inversion ε+ ⇆ ε−), but the essential differ-
ence from the situation in Fig.2 is that here the excess
carriers can fill the two subbands, non-hybridized to im-
purities, resulting in the metallic state with the Fermi
level below zero energy: −εF ∼ (c − c3/4c1/4cr )2/3W , and
two close regions of high occupation, as shown in Fig.3a.
These two regions can play the same role for the non-
monotonic temperature dependence of conductivity as
two activation energies, considered in the low doping
regime [10]. With tentative values γ ≈ 1 eV, εi ≈ 0.05
eV, and W1 ≈ 3.5 eV, we obtain from the above formu-
las: c0 ∼ 0.02%, ccr ∼ 0.15%, and for c ≈ 2% arrive at
|εF| ∼ 150 meV. This value turns comparable to the split-
ting
√
cγ of the 1st subband and quite sufficient to acco-
modate possible superconducting gap 2∆ ∼ 3.52Tc ∼ 0.6
meV (for the reported Tc = 2.3 K in CBx [1]).
An alternative hybridization scheme, with γ1,2,3 = γ,
will produce similar splitting of all three valence sub-
bands, so that the total capacity of upper split bands
(about triple of that for the single ε−(k) band in Eq.3)
will be most probably sufficient to accomodate the Fermi
level at positive energies, as shown in Fig.3b. The value
e
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FIG. 3: Restructuring of the multicomponent valence band
at doping by shallow acceptors. a) Exclusive hybridization to
the 1st subband. b) Equal hybridization to all three subbands.
of ε+(0)− εF in the resulting conduction band should be
comparable to the above estimate for |εF|, but this single
region of high occupation looks unlike for the above re-
ferred non-monotonic conductivity vs temperature, seen
also in the metallized CBx [1]. This favors to the former
version of impurity preferential hybridization to a single
valence subband.
In conclusion, we analyzed the specifics of impurity in-
duced metallization in a version of Anderson s-d hybride
model for multiband semiconductor and showed its dif-
ference compared to the simple single band case. The re-
sulting split band structure with a relatively small Fermi
surface of radius kF ∼ (c/v)1/3 near the Brillouin zone
center also essentially differs from the non-split struc-
tures obtained in the simplest appoximations of effective
mass or virtual crystal [15]. This difference can be veri-
fied experimentally, e.g., in the optical response at about
8 µm. At least, the proposed metallic state in CBx can
be further used to describe the superconducting transi-
tion in such doped system, which, regardless of the pair-
ing mechanism (perhaps phonon-mediated), can be ef-
fectively enhanced due to multiband spectrum structure
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